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SUMMARY
This experimental program is one of a series of programs undertaken to develop
and refine methods for estimating minimum performance capabilities of metallic
pressure vessels with emphasis being placed on aerospace applications. On the
basis of results of previous programs, fracture control methods for high
strength metallic pressure vessels have been developed and documented. These
methods require knowledge "of the fracture'toughness and subcritical~crack
growth characteristics for the material/environment combination of interest.
Previous programs were undertaken to evaluate the individual effects of cyclic
and sustained loadings on subcritical crack growth for various material/
environment combinations.
This program was directed to an evaluation of the effects of combined sustained
and cyclic loadings on subcritical crack growth in both previously tested and
new material/environment combinations. In addition, the effects of peak
cyclic stress and crack shape on fatigue crack growth behavior of surface
flaws were investigated. Material/environment couples tested include: 2219-187
aluminum in gaseous helium, room air, and 3.5% NaCl solution at room temperature,
liquid nitrogen, and liquid hydrogen; 5Al-2.5Sn(ELI) titanium in liquid nitrogen
and liquid hydrogen; and 6A1-4V(ELI) STA titanium in gaseous helium and methanol
at ambient temperature. Most testing was accomplished using surface flawed
specimens instrumented with a clip gage to continuously monitor crack opening
displacements at the specimen surface. Tapered double cantilever beam specimens
were also tested. Static fracture and ten hour sustained load tests were
conducted to determine fracture toughness and apparent threshold stress intensity
values. Cyclic tests were performed using sinusoidal loading profiles at 333
mHz (20 cpm) and trapezoidal loading profiles at both 8.3 mHz (0.5 cpm) and 3.3
mHz (0.2 cpm). Data were evaluated using linear elastic fracture mechanics
parameters.
No effect of cyclic frequency on fatigue crack propagation rates was observed
for any material/environment combination tested except 6A1-4V(ELI) STA
titanium in methanol. For the 6A1-4V(ELI) STA/methanol combination, fatigue
crack growth rates increased as cyclic frequency was decreased. This effect
was observed at stress intensity factors both .above and .below .an apparent
threshold value determined from 10 hour duration sustained load tests.
Crack growth under invariant loadings was observed in all material/environ-
ment combinations tested except 5A1-2.5Sn(ELI) titanium in LN . Crack growth
occurred both during the loading ramp and invariant load segments of the
sustained load profiles. The value of crack tip stress intensity factor
above which crack growth under invariant load could be expected to result in
specimen failure was defined as the threshold stress intensity, factor. Actual
sustained load failures were observed only for 2219-T87 aluminum in liquid
nitrogen and liquid hydrogen.
Fatigue crack depth growth rates for surface flaws were found to be independent
of variations in peak cyclic stress level and crack shape as long as variations
in stress intensity factor were held constant. On the other hand, there were
indications that stress level did affect the value of apparent threshold
stress intensity factor (K^ .,) with K varying inversely with stress level.
This effect was not investigated in sufficient detail to establish any firm
trends .
1.0 INTRODUCTION
Pressure vessels for booster and spacecraft applications may contain crack-
like defects due to material processing or fabrication procedures. Experience
has shown that such defects can provide origins for brittle fracture either
during initial pressurization or after limited service use. Fracture control
methods for high strength metallic pressure vessels (1)* have been developed
to ensure that the largest crack-like defects will not grow during service
use to a size sufficiently large to impair performance. These methods require
knowledge of the fracture toughness and subcritical crack growth characteristics
of the constituent materials. Data obtained from tests of surface flawed
specimens have proven to be the most useful for fracture control of spacecraft
and booster structure. Surface flaws are commonly found in aerospace hardware
and are subjected to plane strain crack tip deformations. Since plane strain
deformations result in minimum resistance to both brittle fracture and stress
corrosion cracking, surface flawed specimens are a severe but realistic model
of potential failure origins in aerospace hardware.
Several test programs (2-5) have been undertaken to evaluate the effects of
cyclic and sustained loadings on subcritical crack growth in aerospace materials.
Earlier investigations evaluated the individual effects of cyclic and invariant
loads on subcritical crack growth characteristics of surface flaws for various
material environment combinations. Similar effects of loadings influenced by
weld induced residual stresses, weld land buildups, and circular holes were
investigated in the latter program. The results of the referenced programs
aided in the development of fracture control procedures for aerospace hardware.
It was also noted that there appeared to be effects of peak cyclic stress level
and surface flaw shape on subcritical crack growth that had not been system-
atically evaluated. Furthermore, effects of combined cyclic and sustained
loadings were not evaluated.
This program was undertaken to investigate the combined effects of cyclic and
sustained loadings on subcritical crack growth in material/environment
*Numbers in parenthesis refer to References at end of report,
combinations pertinent to aerospace pressure vessel applications, and
evaluate the effects of peak cyclic stress and crack shape on fatigue crack
growth rates for surface flaws. Material/environment combinations tested
include: 2219-T87 aluminum in gaseous helium, room air, and 3.5% NaCl
solution at ambient temperature, liquid nitrogen, and liquid hydrogen;
5A1-2.5Sn(ELI) titanium in liquid nitrogen and liquid hydrogen; and 6A1-4V
(ELI.) STA titanium in gaseous helium and methanol at ambient temperature.
Most testing was accomplished using surface flawed specimens instrumented
with a clip gage to continuously monitor crack opening displacements at the
specimen surface. Tapered double cantilever beam specimens were also tested.
Static fracture and ten hour sustained load tests were conducted to determine
fracture toughness and threshold stress intensity values. Cyclic tests were
performed using sinusoidal loading profiles at 333 mHz (20 cpm) and trapezoidal
loading profiles at both 8.3 mHz (0.5 cpm) and 3.3 mHz (0.2 cpm). Data were
evaluated using modified linear elastic fracture mechanics parameters.
2.0 BACKGROUND
The surface flaw is a realistic model of failure origins in aerospace pressure
vessels. Hence, surface-flawed specimens are tested extensively to develop
design data and fracture control design methods within the aerospace industry.
Most surface-flawed specimen data have been evaluated and correlated in terms
of opening mode stress intensity factors defined by linear elastic fracture
mechanics theory. In the past, some difficulty in"Evaluating surface-flawed
specimen fracture and fatigue data has resulted from the lack of a good stress
analysis for flaws having depths that are large with respect to the specimen
thickness. However, good approximate solutions are now available for deep
surface flaws and the fracture and fatigue crack growth behavior of such
flaws is the subject of continuing experimental work. Some background informa-
tion relating to stress analyses and experimental results for surface flawed
specimens are summarized in the following paragraphs.
2.1 Stress Analyses for Surface Flaws
Irwin was the first to recognize the practical importance of surface flaws and
derived an approximate expression for stress intensity factor for such flaws
(6). The maximum value of stress intensity factor occurs at the point of
deepest penetration of a semi-elliptical flaw designated by Point A in Figure
1, and is given by
K = l.lo
Q = [ $ ]2 - 0.212 (o/o J2 (1)
ys
where
$ is the complete elliptical integral of the 2nd kind
o is uniform tensile stress acting perpendicular to the plane
of the crack
a is the yield strength of the material
x = ccos 0 and y = a sin 8 are parametric equations of the
semi-elliptical flaw periphery
Equation 1 is applicable for flaw depth-to-length (a/2c) and flaw depth-to-
thickness (a/t) ratios less than 0.5.
A number of approximate solutions for stress intensity factor at the tips of
surface flaws deeper than 50 percent of the parent plate thickness have been
proposed. Some of the earliest approximations were reported in two unpublished
Boeing memoranda.(7,8) . Theoretical solutions for surface flaw problems date
back to Smith's solution for a semi-circular surface flaw in a semi-infinite
solid (9) which was subsequently extented to full and part-circular cracks
(10,11), and to part-circular cracks in a finite thickness solid (12). A
series of publications by Shah and Kobayashi (13-16) have documented a series
of solutions for elliptical cracks located near the surface of a semi-infinite
solid and subjected to arbitraty normal loadings, and for semi-elliptical surface
cracks in finite plates subjected to both bending and tension stresses.
The method used to calculate stress intensity factors in this report is the
semi-empirical method proposed by Masters et al (17). Static fracture tests
of 2219-T87 aluminum and 5A1-2.5Sn(ELI) titanium surface flawed specimens
containing both shallow and deep flaws showed that fracture strength could
be predicted using the equation
K™ = 1-1° _/™ **„ (2)
where K is the fracture toughness of the parent material for the depthwise
crack propagation direction, and M^ is a deep flaw stress intensity magnifi-
cation factor that was found to be dependent on material, a/t, and a/2c as
shown in Figures 3 and 4. A more recent investigation by Masters (18) has
demonstrated that the M^ values for 2219-T87 aluminum in Figure 4 are appli-
cable to 6A1-4V STA titanium and 7075-T651 aluminum alloys. All stress
intensity factors for surface flawed specimens reported herein were calcu-
lated using Equation 2 and M_ values in Figures 3 and 4 (Figure 3 for 5A1-
2.5Sn(ELI) specimens and Figure 4 for 2219-T87 aluminum, and 6A1-4V STA
titanium specimens.
2.2 Fatigue Crack Growth Behavior of Surface Flaws
Fatigue tests of surface flawed specimens have shown that, when critical flaw
size is less than one-half the specimen thickness, the number of uniform
loading cycles required to grow a flaw fom some initial size to the critical
size is dependent primarily on the maximum stress intensity factor applied to
_the tip_ of_ the^f law -during- the -initial- loading cycle -(K , ) .—Consequently,
fatigue data for surface flawed specimens are often plotted on graphs of K
or KT./KT1, versus cycles to failure where data for given loading profiles andii in
test conditions can be reasonably represented by a single curve called a
cyclic life curve. This approach requires knowledge of only initial and
final conditions for each test and is called an "end-point" approach. Crack
growth rates are calculated using slopes of the cyclic life curves and are
expressed in terms of d(a/Q)/dN. For constant stress intensity factor, crack
growth rates calculated using the end-point approach are found to be inversely
proportional to the square of the stress level for which the calculations are
made. In view of this result, the effect of peak cyclic stress level on sur-
face crack growth rates was investigated in this experimental program.
A later analyses of surface crack growth rates (4) arrived at the conclusion
that the practice of expressing surface crack growth rates in terms of
d(a/Q)/dN was consistent with the widely accepted notion that crack growth
can be considered as a continuous process, and that fatigue crack growth is
primarily a function of the range in stress intensity factor applied to the
crack tip during a loading cycle. The cited analyses yielded relationships
between surface crack depth growth rate (da/dN) and d(a/Q)/dN; one such
relationship is included in Figure 2. The implication of the curve in Figure
2 is that if crack depth growth rate (da/dN) is a function only of the varia-
tion in stress intensity factor, surface flaw growth rate (d(a/Q)/dN) should
vary with flaw shape ratio (a/2c) for given stress intensity factor. This
result is particularly true for 0<a/2c<0.25. Accordingly, tests were included
in the following experimental program to investigate the effect of flaw shape
on surface flaw growth behavior.
2.3 Relationship of Crack Opening Measurements to Crack Growth Rates
An expression for the opening displacements of a completely embedded ellipti-
cal flaw was proved by Green and Sneddon (19) . The flaw, embedded in an
elastic solid, was subjected to a uniform load normal to the crack surface at
infinity. The maximum opening displacement occurs at the diametral center
of the crack and is expressed by the equation
. 4(1 - y2) aa (3)
6 =
 - 1 - ~¥
Although a rigorous solution is not available for flaw opening displacements
for a semi-elliptical surface flaw, such displacements should also be propor-
tional to a and a/$ for elastic materials. By following Irwin's procedure (6)
to account for the effect of plastic yielding, the flaw opening displacement
for a surface flaw can be approximated by
(4)
/Q
where C is a constant. The value of C can be determined at test initiation
and termination from knowledge of the stress level, initial and final flaw
sizes, and the corresponding flaw opening displacements as indicated below:
C5)
where the subscripts i and f refer to initial and final conditions,
respectively.
Tests have shown that the value of C tends to increase with increasing crack
size, rather than remain constant. For tests in which both initial and final
crack depths are less than one-half the specimen thickness, variations in the
value of C are moderate. Analyses in which the variation in C between initial
and final values was assumed to be either linear or a fourth order polynominal
have shown that computed crack growth rates are very insensitive to the manner in
which C varies. Crack growth rate calculations in this report were based on an
assumed linear variation in C between the known initial and final values.
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In order to relate the flaw parameter (a/i/Q) to 6 for values of a//Q) between
the initial and final values an assumption must be made as to the manner in
which the flaw shape changes from test initiation to termination. It was
assumed that
a - a± 2c - (2c)±
af - a±
 =
 (2c)f - (2c)i (6)
i.e., both flaw depth and width growth simultaneously reach the same percentage
of their respective total growth from initial to final values. The flaw shape
parameter (Q) can now be determined as a function of flaw depth and, in turn,
6 can be related to crack depth using Equation 4. The number of cycles (N) or
time corresponding to each selected flaw depth value can be determined from the
test record and, consequently, the change in N or time for each increment of
flaw depth is known. The crack growth rate da/dN or da/dt can then be calculated,
2.4 Stress Intensity Factors for Double Cantilever Beam Specimens
Stress intensity factors for double cantilever beam (DCB) specimens (Figure 5)
can be evaluated using semi-empirical methods based on beam theory and com-
pliance measurements. Stress intensity factors are related to specimen com-
pliance (ratio of deflection of loading points to load) by the relationship
(20).
1/2
K = -L^  (a £) (7)
where
P is applied load
b is crack width
n
B is specimen compliance
a is crack length
2
a = Young's modulus (E) for plane stress or E/(l - p ) for plane
strain where p is Poisson's ratio.
An approximate expression for 3B/3a for DCB specimens has been derived (21)
using simple beam theory and takes the form
M
 = _8 J_ i
3a Eb L ,3 h Jh
where h is beam height at the distance 'a' from the load line, and b is speci-
men width.
Tapered double cantilever beam specimens can be designed so that stress intensity
factor is independent of crack length for constant load. This can be accom-
2 3
plished by contouring the specimen so that (3 a /h + 1/h) = q = constant,
resulting in specimens having the configuration shown in Figure 5. Experi-
ments have shown (21) that specimens contoured as in Figure 5 yield compliance
values that are linearly related to crack length. However, actual values of
compliance are considerably greater than approximate values calculated using
Equation 8.
Crack propagation in DCB specimens has a strong tendency to rotate from the
original crack plane and sever one of the specimen arms. This problem can
generally be alleviated by side grooving the specimens as shown in Figure 5.
Stress intensity factors for side grooved specimens can be calculated using
Equation 7 by setting b equal to the crack width.
n
Stress intensity factors for DCB specimens in this program were calculated
2
using a = E/(l-y ) in Equation 7. In retrospect, it is now believed that the
value of a = E may have been more appropriate since the state of stress in
the arms of DCB specimens is probably closer to plane stress than plane strain.
However, the maximum possible error in the calculated values of stress intensity




The test program conducted during this investigation is presented in Table 1
along with the pertinent test parameters. For each material/temperature con-
dition, mechanical property and static fracture tests were conducted with
surface flawed specimens having a flaw shape ratio (a/2c) of about 0.25. In
addition, flaw shape ratios of about 0.10 were evaluated for 2219-T87 aluminum
at 295°K (72°F) and 78°K (-320°F), and 5Al-2.5Sn(ELI) titanium at 78°K (-320°F).
In general, ten hour sustained load tests were conducted as presented in
Table 1. Originally the program plan called for testing of 6A1-4V(ELI) STA
titanium in Freon TF, but after several sustained load tests in this environ-
ment it was concluded that the particular titanium plate/flaw orientation
selected was not very susceptible to stress corrosion cracking (SCC) in the
Freon TF since the threshold stress intensity factor was about 80% of the
critical value. It was the original intent in selecting this material/environ-
ment combination to have a pronounced stress corrosion cracking situation so
that cyclic flaw growth rates could be evaluated both above and below the thres-
hold stress intensity factor. This objective could not be met with the Freon
TF environment so methanol was substituted for the Freon TF.
The majority of the sustained load tests were run at stress levels approaching
the yield strength of the material, namely, a •/!.10 for the aluminum and a /I.15
for the titanium. The purpose of these tests was to define the threshold stress
intensity at high stress levels and to compare the results with previously
generated thresholds obtained at moderate stress levels. Where moderate
stress level thresholds were not readily available, an attempt was made to
establish them.
All sustained load specimens were instrumented with crack opening displacement
(COD) measurement devices with the exception of the 5Al-2.5Sn(ELI) titanium
tested at 20°K (-423°F). The program plan did not call for any of the 2Q°K
(_423°F) tests to be instrumented but during the course of this program a
clip gage measurement device was developed to work at 20°K (-423°F). Previously,
the clip gages used at room temperature and 78°K (-320°F) would not work at
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20°K (-423°F) due to excessive noise in the COD output. This new COD device
was significantly smaller than previously used devices and was not coated.
The purpose of instrumenting these specimens was to obtain sustained load
crack growth rates.
In conjunction with the sustained load tests conducted, it became necessary to
perform load/unload tests.so that crack growth during loading could be separated
from the time dependent crack growth under invariant loads. A previous investi-
gation (3) reported the same phenomena. The load/unload tests were conducted
at the same stress levels and with the same flaw shapes (a/2c = 0.25) as the
sustained load tests.
Baseline cyclic tests were conducted at 333 mHz (20 cpm) as specified in
Table 1 using surface flawed specimens. All specimens were instrumented with
a COD measurement device (except the 5Al-2.5Sn(ELI) titanium at 20°K (423°F).
The variables involved included stress level and flaw shape. Tests were con-
ducted to evaluate the effect of stress level on the crack growth rates. The
high stress levels selected were generally a /I.15 for the titanium while
the low stress levels were one-half of the high stress levels. In general,
the flaw shape ratios investigated were 0.10 and 0.25.
The effect of combined cyclic/sustained loading on the subcritical crack
growth characteristics were evaluated by conducting the tests specified in
Table 1 at 8.3 mHz (0.5 cpm) and 3.3 mHz (0.2 cpm). Surface flawed specimens
with flaw shape ratios of about 0.25 were subjected to a trapezoidal cyclic
loading profile having a very short rise and fall time. During 'each loading
cycle, the maximum stress was maintained for some period of time, thus intro-
ducing a sustained loading in conjunction with the cyclic loading. All speci-
mens were instrumented with a COD measurement device (except the 5A1-2.5Sn(ELI)
titanium at. 20°K (-423°F)). Test stresses were maintained at the high levels
established for the baseline cyclic tests. The tests were run so that the
effects of combined cyclic/sustained loading on the subcritical crack growth
rates could be assessed at stress intensities above, just below, and signifi-
cantly below the threshold value.
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Cyclic load and combined cyclic/sustained load tests were conducted as indi-
cated om Table 1 using tapered double cantilevered beam (TDCB) specimens. The
objective of these tests was to evaluate the effect of combined sustained and
cyclic loads on the subcritical crack growth characteristics at a constant
stress intensity. The tests were conducted at stress intensity levels signifi-
cantly below, just below, and significantly above the threshold value. Test
frequencies^and loading profiles^used were"~the~same"~a~s' used-for the "surface"
flawed specimen tests.
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4.0 MATERIALS AND PROCEDURES
4.1 Materials
The 2219-T87 aluminum specimens were machined from one plate 2.5 (1.0) x 122
(48) x 366 (144) cm (inches) purchased per BMS 7-105C. This material was
obtained from a previously completed NASA Contract NAS 3-12003. The surface
flawed specimens were machined so that the flaw would propagate in the WT
direction whereas the tapered double cantilever beam (TDCB) specimens were
machined so that the flaw would propagate in the WR direction. Nomenclature
used to denote crack propagation direction is included in Figure 6.
The 5A1-2.5Sn(ELI) titanium specimens were machined from 2 different batches
of material. The majority of the specimens were machined from plates, 0.48
(0.188) x 61 (24) x 183 (72) cm (inches), purchased in the annealed condition
per MIL-T-9046E, Type II, Composition B. The remaining specimens were taken
from surplus material from NASA Contract NAS 3-12003; this material was found
to be in a inhomogeneous and layered state, and required an eight hour thermal
cycle at 1122°K (1550°F) to produce a homogeneous microstructure; the final
grain size was greater than normally encountered. Since these plates were
thought to be atypical examples of this type material, it was decided to use
them only when required flaw dimensions were such that the extra thickness,
0.95 cm (0.375 inches) compared to 0.48 cm (0.188 inches), was needed to cur-
cumvent deep flaw problems. Therefore, the 0.95 cm (0.375 inches) thick
material was used only for the specimens designed to investigate the effects
of stress level. All of the surface flaw specimens were machined so that the
flaw would propagate in the RT direction.
The 6A1-4V(ELI) titanium plates were obtained from previously completed NASA
contract, NAS 3-7993. The plate material, 0.95 (0.375) x 61 (24) x 183 (72)
cm (inches), was purchased in the annealed condition per AMS 4911A, except
that the interstitial content was specified not to exceed the following per-
centage limits: C = 0.08 max; 02 = 0.13 max; N = 0.05 (500 ppm) max; H =
0.0125 (125 ppm) max; and Fe = 0.25 max. The plates were ordered from the
same heat and rolling batch. Prior to machining of specimens, the plates
were solution treated and aged at The Boeing Company per BAG 5613; the
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solution treatment of 1327°K (1730°F) for 10 minutes was followed by a water
quench and a 811°K (1000°F) aging temperature for four hours. The surface
flaw specimens were machined so that the flaw would propagate in the RT direc-
tion whereas the TDCB specimens were machined so that the flaw would propagate
in the RW direction.
4.2 Specimen Fabrication Procedures
Three different types of test specimens were fabricated on this program.
Smooth tensile specimens used for determining mechanical properties are shown
in Figure 7. Surface flawed specimens used to evaluate static, sustained and
cyclic flaw growth characteristics for surface flaws are shown in Figures 8
through 12. TDCB specimens used to evaluate cyclic flaw growth characteristics
are shown in Figures 13 and 14.
Tapered double cantilever beam specimens were fabricated with a linearly
tapered section as shown in Figures 13 and 14. The linear taper was an approx-
imation of the contour defined by the equation
3 a2/h3 + 1/h =4.0 (8)
which is the approximate contour required to make stress intensity factor
independent of crack length for constant load. Since Equation 8 is approxi-
mate and deviates only slightly from a straight line, it was decided to use
a linearly tapered contour rather than a contour conforming to Equation 8.
All initial flaws were prepared by using an electric discharge machine (EDM)
to introduce a starter notch with a terminating radius of less than 0.008 cm
(0.003 inches). The EDM starter notch was then extended using low stress/
high cycle fatigue; periodic examinations were conducted, using a microscope,
to determine when a fatigue crack had been initiated around the entire periphery
of the EDM notch. The precracking operation was done in air at room temperature.
4.3 Experimental Procedures
Mechanical property tests were conducted per ASTM standards for tensile test-
ing. Yield strength (at 0.2% offset), ultimate strength, elongation and
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reduction in area were determined. A strain rate of 0.005 cm/cm/minute was used
during the tensile tests until the yield strain was exceeded, then the strain
rate was increased to 0.02 cm/cm/minute failure. Static fracture tests, using
surface flawed specimens, utilized a loading rate to percipitate fracture
within about 2 minutes after initial application of loa'd.
Specimens that were to be sustained loaded were first ejxposed to the test
environment and then were loaded to the maximum desired stress level in about
2 minutes. The load/unload tests conducted were also loaded to the maximum
desired stress level and then immediately unloaded. Basic cyclic tests were
conducted using a sinusoidal loading profile with a a . /a ratio of zero0
 mm max
while the combined cyclic/sustained loading tests utilized the trapezoidal
loading profile shown in Figure 15. All specimens that were subjected to
sustain load, load/unload, cyclic load, and combined cyclic/sustain load pro-
files (except for those that failed during test) were marked by low stress/
high cycle fatigue so that the flaw growth that occurred during the test
could be easily distinguished. The marking operation was done in room tempera-
ture air, except for some 2219-T87 aluminum specimens that were marked at
78°K (-320°F) in liquid nitrogen.
All specimens, except for the static fracture, load/unload and 20°K (-423°F)
titanium, were instrumented using a crack opening displacement (COD) clip
gage to provide a continuous record of crack opening displacement. When flaws
were of sufficient size, the clip gage was mounted in the flaw as shown in
Figure 16. For the smaller flaws, COD brackets were micro-spot welded on the
surface of the specimen as shown in Figure 17. COD recordings were used
both to calculate crack growth rates and as a basis for terminating tests
just prior to failure. Normally, a cyclic or sustained load test could be
terminated within a few cycles or minutes of specimen failure by observing
the COD output.
4.4 Stress Intensity Factor Calculations
Stress intensity factors for surface flaws were calculated using Equation 2
and M£ value in Figures 3 and 4. Values of M were taken from Figure 3 for
the 5Al-2.5Sn(ELI) titanium specimens, and from Figure 4 for the 2219-T87
aluminum and 6A1-4V STA titanium surface flaw specimens.
17
Stress intensity factors for aluminum alloy tapered double centilever beam
specimens were calculated using Equation 3 with a = E/l-y2 and 9B/3a = 1.19
x lO^ CN)'1 (5.30 x 10*6(lbs)~1); values of E = 68.95 x 103 MN/m2 (10 x 103
ksi) and u = 0.30 were used in the calculations. The value of 3B/9a was
determined experimentally through compliance measurements as described in
Appendix B.
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5.0 PRESENTATION AND ANALYSIS OF RESULTS
Data from all tests are included in Tables 4 through 41. Tables 4 through 9
contain the mechanical property and static fracture test data while the
following data tables are grouped by material and include data for: load/
unload tests, sustained load tests, cyclic load tests, combined cyclic/
sustained load tests, and TDCB cyclic tests. Data for each load/unload,
sustained load, cyclic and combined cyclic/sustained load test are, in.
general, given on three sequential lines in a given table. The first line
gives value's of test parameters at the outset of the test. The second line
gives similar values at the end of the test. The third line includes.test
parameters at the time the specimen was pulled to failure for specimens that
did not fail during the initial test.
5.1 Mechanical Property Test Results
The results of the mechanical property tests are presented graphically in
Figures 18 and 19 for the aluminum and titanium alloys, respectively. The
2219-T87 aluminum (transverse grain) demonstrated yield strengths (0.2%
offset) of 383 (55.5), 453 (65.7) and 492 (71.3) MN/m2 (ksi) at temperatures
of 295 (72), 78 (-320) and 20 (-423)°K (°F), respectively. The baseline
(0.48 cm or 0.188 inch thick) 5A1-2.5 Sn(ELI) titanium (longitudinal grain)
had a yield strength of 1252 MN/m2 (181.7 ksi) at 78°K (-320°F) and 1446
MN/m2 (209.7 ksi) at 20°K (-423°F). The tough titanium plate (0.95 cm or
20.375 inch thick) tested had a somewhat lower yield strength of 1226 MN/m




titanium (lo gitudinal grain) was determined to be 975 MN/m (141.3 ksi)
5.2 Static Fracture Test Results
The results of the static fracture tests are presented graphically in Fig-
ures 20 and 21 for the aluminum and titanium, respectively. Only those
results for specimens that failed at less than 90% of the yield strength
were considered valid surface flaw plane strain fracture toughness (K )
i-£i
values. The K values for the 2219-T87 aluminum (WT direction) .were deter-
mined to be 46.8 (42.6), 50.9 (46.4) and 54.0 (49.1) MN/m3/2 (ksi /in), at
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temperatures of 295 (72), 78 (-320) and 20 (-423)°K (°F), respectively. The
aluminum tests were conducted with specimens containing flaw shapes of 0.11
and 0.27 but no significant differences were observed in the static results.
The baseline 5A1-2.5 Sn(ELI) titanium (RT direction) demonstrated K values
of 89.4 (81.3) and 69.2 (63.0) MN/m3/2 (ksi /in) at temperatures of 78 (-320)
and 20 (-423)°K (°F), respectively. The fracture toughness of the tough
3/2
5A1-2.5 Sn(ELI) titanium plate was determined to be 92.8 MN/m (84.4 ksi
/in) at 78°K (-320°F). A KIE value of 80.3 MN/m3/2 (73.1 ksi /in) was
obtained for the 6A1-4V (ELI) STA titanium at 295°K (72°F).
5.3 Sustained Load Test Results
5.3.1 2219-T87 Aluminum
Results for both load/unload and sustained load 2219-T87 aluminum surface
flawed specimens are included in Tables 10 through 13. Crack depth growth
observed after each test is related to the corresponding stress intensity
factors in Figure 22.
The data in Figure 22 indicates that, for stress intensity factors above
some minimum value, crack depth growth during sustained load tests was
greater than crack depth growth during load/unload tests. For the purposes
of this program, the maximum stress intensity factors for which crack
growth observed during both load/unload and sustrained load tests were equal
were defined as the threshold stress intensity factors. Values of the
o / o
threshold stress intensity factor were found to be 33 MN/m (30 ksi /in)
3/2
in the ambient 3.5 percent NaCl solution, greater than 44 MN/m (40
ksi /in) in LN0, and 39.6 MN/m3/2 (36 ksi /in) in LH..f. L
Previously conducted surface flawed specimen tests (3) for 2.5 cm (1.0
inch) thick 2219-T87 plate in the environments of air, LN?, and LH? showed
that crack growth under sustained loads could occur in four stages including:
(a) crack growth during rising loads; (b) initial transient crack growth;
(c) crack acceleration; and (d) unstable crack propagation resulting in
failure. The number of stages that occurred in a given test was dependent
on the magnitude of the crack tip stress intensity factor (K) at peak load.
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For low K values, no growth was observed; for intermediate K values, crack
growth during loading and transient crack growth followed by crack growth
•' )
arrest were observed; for high K values, all stages of crack growth were
observed resulting in specimen failure.
In the sustained load tests conducted in this program, both crack growth
during rising load and crack growth to failure ^ /ere observed^ However,
there was no evidence of a stage of transient crack growth followed by
crack growth arrest. At 295°K (72°F), the test records of crack opening
displacement versus time for all sustained load tests continued to increase
at an ever accelerating rate throughout the duration of each test. No evi-
dence of any tendency for the COD to stabilize could be detected. At 78°K
(_32Q°F) and 20°K (-423°F), specimens failed when loaded to generate crack
tip stress intensity factors slightly above the level at which crack depth
growth during load/unload tests was equal to crack depth growth during sus-
tained load tests. This observation is indicative of a three stage crack
growth behavior, i.e., crack growth during rising load followed by crack
acceleration and unstable crack propagation.
The data obtained in this investigation were compared with other reported
(3, 22) sustained load test data for 2219-T87 aluminum surface flawed
specimens. The Reference 3 investigation included tests of 1.68 cm (0.66
inch) thick specimens in room air, LN? and LH_. Test durations were up to
100 hours in air and LN , and 10 hours in LH_. Test stress levels were
less than a /I.4. The results of the comparison are summarized in Table
vs
2. In addition, sustained load results from Reference 22 for a 3.5 percent
salt solution are presented in Table 2. This result was based on tests of
1.52 cm (0.60 inch) thick specimens loaded for 16 hours and at a stress
level of o /I.25. Two threshold stress intensities are generally included
for each environment in Table 2; the lower value is that below which flaw
depth growth did not occur during the loading ramp of the sustained load
profile; the higher value is that above which flaw depth growth was observed
during the sustained load part of the loading profile. The lower stress
intensity values for the present investigations were taken as the stress
intensity at which extrapolated "growth during initial loading" curves
in Figure 22 intersected the stress intensity ordinate at a Aa less than
0.003 cm (0.001 inches). Results for the air and 3.5% NaCl solutions were
not directly comparable. In LN and LH«, the "no growth" threshold stress
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intensity factors (values below which growth during loading is not observed)
are in very good agreement. The "growth-to-failure" threshold stress
intensity factors obtained in this investigation did not agree with the
Reference 3 results. Furthermore, there was no consistent relationship
between results since values obtained in this program were higher at 78°K
(_320°F) and lower at 20°K (-423°F) than previously reported results. It
was anticipated that the high stress levels used in this program could affect
the "growth-to-failure" threshold stress intensity factors. However, no
conclusions regarding the effect of test stress level can be drawn in view of
the inconsistent relationships to previous results.
5.3.2 5A1-2.5 Sn(ELI) Titanium
Results of sustained load and load/unload tests of 5A1-2.5 Sn(ELI) titanium
surface flawed specimens in LN and LH are included in Tables 26, 27, and
28, and Figure 23. Ten hour sustained load tests were conducted with stress
levels of o /1.15 and o ; /1.4 in LN_, and a , /1.4 in LH,. . Each specimen
ys ult 2 ult 2
was then fatigue marked and loaded to failure.
3/2 r-
The LN data shows that the K is > 69.3 MN/m (63.0 ksi /in). There is
an indication that for a given applied stress intensity, the 5A1-2.5 Sn(ELI)
2
titanium is more susceptible to sustained load crack growth at 1090 MN/m
2
(158 ksi) than at 951 MN/m (137.9 ksi). However, such a conclusion could
not be drawn from the small amount of data generated in this investigation.
However, a previous investigation (3) of sustained load crack growth behavior
in 5A1-2.5 Sn(ELI) titanium surface flawed specimens in LN did establish
that threshold stress intensity does vary with applied stress level. For
2
stress levels less than 1034 MN/m (150 ksi) no sustained load crack growth
was observed in 30 tests at stress intensity levels between 80 and 98 per-
cent of the fracture toughness. When stress level was increased to between
2
1034 and 1172 MN/m (150 and 170 ksi), considerable crack growth was
observed at stress intensity levels as low as 83 percent of the fracture
toughness. The threshold data of Reference 3 is presented in Table 3 along
with that generated in the present program and results from the two investi-
gations are in good agreement.
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The LH0 data (Figure 23) shows that sustained stress crack growth does not
occur at stress intensity levels approaching the fracture toughness of the
2
material when tested at o /1.4 or 1131 MN/m (164.0 ksi). At this stress
level, the threshold stress intensity is > 92 percent of K or higher than
-Llli
that reported in Reference 3 (see Table 3).
5.3.3 6A1-4V (ELI) STA Titanium
Results of sustained load and load/unload tests of 6A1-4V (ELI) STA titanium
surface flawed specimens in gaseous helium and methanol are included in Tables
33 through 35. Sustained load tests were conducted with stress levels of
a /I.15 and a
 1 /I.40 in gaseous helium, and a /I.15 and a , /I.50 inys ult . • ys ult
methanol applied for a maximum of 10 hours. Each specimen was then fatigue
marked and loaded to failure.
Figure 24 contains plots of flaw depth growth (Aa) as a function of stress
intensity applied to the flaw tip at the outset of each test. In the gaseous
helium environment, flaw depth growth was uniformly small in all but one
specimen. That specimen failed after only one minute after an initial stress
o / o
intensity of 69.8 MN/m (63.5 ksi /in) was applied. The flaw depth growth
that occurred in the failed specimen could not be determined from visual
observation of the fracture surface.
In the methanol environment, flaw depth growth was more pronounced than for
any other material/environment combination tested. For an applied stress of
2
648 MN/m (94 ksi), a well ordered relationship between flaw depth growth
and stress intensity was obtained and the threshold stress intensity equaled
2
67 percent of the fracture toughness. For an applied stress of 848 MN/m
(123 ksi), a single test yielded significantly more flaw depth growth than
2
did the 648 MN/m (94 ksi) tests indicating that the threshold stress intensity
may be sensitive to stress level for the methanol environment.
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5.4 Cyclic and Combined Cyclic/Sustained Test Results
Cyclic and combined cyclic/sustained data for each of the alloys tested is
presented and discussed separately. The effects of environment, combined
cyclic/sustained loadings, stress level, and flaw shape on crack growth
rates are described and assessed.
5.4.1 Results for 2219-T87 Aluminum Alloy
Environmental Effects
Crack depth growth rates (da/dN) obtained at a cyclic frequency of 333 mil?.
(20 cpm) and in the room temperature environments of helium gas, air, and
a 3.5% NaCl solution are included in Figures 25, 26 and 27, respectively.
For constant peak cyclic stress intensity factor, crack growth rates were
slower in air and 3.5% NaCl solution than in helium gas. The areas of
fatigue crack growth on the fracture surfaces of specimens tested in air
and 3.5% NaCl solution were much rougher to the naked eye than for speci-
mens tested in helium gas. Apparently, the growth mechanisms leading to
surface roughness also contributed to retarding the overall average growth
rate. Furthermore, calculated critical stress intensity factors for cyclic
specimens increased with increased roughness of the fatigue crack growth
area. As a result, fatigue crack growth rates were obtained for stress
3/2intensity factor values in excess of the K value of 46.8 MN/m (42.6
J-E
ksi /in) determined from room temperature static tests.
Combined Cyclic/Sustained Loading Effects
The effects of combined cyclic/sustained loadings on fatigue crack growth
rates were investigated in the environments of 3.5% NaCl solution at 295°K
(72°F), LN2 at 78°K (-320°F) and LH2 at 20°K (-423°F). The 8.3 and 3.3
mHz (0.5 and 0.2 cpm) data were obtained using a trapezoidal loading pro-
file having a very short rise and fall time and varying time at peak load
as shown in Figure 15. The 333 mHz (20 cpm) data were obtained using
sinusoidal loading profiles. Results are included in Figures 27 through 32.
Tests at the two slower frequencies were conducted either above or below
the apparent threshold stress intensity value obtained from the corresponding
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10 hour duration sustained load tests. In salt water, fatigue crack growth
rates obtained from the 8.3 and 3.3 mHz tests were slower than those obtained
from the 333 mHz (20 cpm) tests over the entire range of stress intensity
factor values tested. In LN_ and LH~, the fatigue crack growth rates
obtained at the two slower frequencies generally fall within the scatter
band for the 333 mHz (20 cpm) data. At stress intensity factors above the
apparent threshold ^ value, jthere _was_ a slights increase^ in^ fatigue-crack
growth rates with decreasing cyclic frequency.
The areas of fatigue crack growth in specimens tested at cryogenic tempera-
tures were less rough than in specimens tested at room temperature. The
critical stress intensity factors resulting from cryogenic tests were equal
to or slightly greater than the corresponding K values determined from111
static fracture toughness tests, contrary to the room temperature behavior
where critical stress intensity factors for cyclically tested specimens
were significantly greater than for statically tested specimens.
Cyclic life data for specimens listed in Figures 25 through 32 are plotted
as a function of K±± in Figues 33, 34 and 35 for 295°K (72°F), 78°K (-320°F),
and 20°K (-423°F) data, respectively. A single data point with coordinates
(K1 ., N) is plotted for specimens that were cycled to failure where K.. . is
the peak cyclic stress intensity factor applied to the crack tip during the
initial loading cycle, and N is cycles to failure. Two data points are
plotted for specimens that were cycled, but not to failure; the coordinates
of the two points are (K.. ., N..) and (K.. , N») where K is the peak cyclic
stress intensity factor applied to the crack tip during the final loading
cycle, and (N.. - N«) is equal to the number of applied loading cycles; each
set of two data points for a single specimen is connected by a short curved
line. The data agree with previous observations (2, 4) that cyclic lives
of surface flawed specimens are primarily a function of K.. . when all test
variables other than stress level and flaw dimensions are held constant,
and critical crack depth is less than one-half the specimen thickness.
Stress Level Effects
For constant test conditions and loading profile, fatigue crack depth growth
rates were found to depend only on variations in stress intensity factor
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at the crack tip. This result is evident in Figures 25, 26, 27,. 29 and 31
where crack growth rates developed using two different peak cyclic stress
levels are plotted as a function of peak stress intensity factor. The data
show that doubling the peak cyclic stress level had no effect on crack
growth rate as long as peak cyclic stress intensity factor was held constant,
Previously reported (2, 4) crack growth rates for surface flaws (d(a/Q)/dN)
appeared to be dependent on both variations in stress intensity factor and
peak cyclic stress level. Values of d(a/Q)/dN were calculated using cycle-
to-failure data and no direct measurements of crack growth rate were made.
It appears that the previously reported apparent stress level effects were
at least partially due to the omission of deep flaw magnification factors
in stress intensity factor calculations. For constant specimen thickness,
critical crack depth in specimens subjected to high stresses are a smaller
percentage of the specimen thickness than in specimens subjected to lower
stresses. Hence, stress intensity factors in high stress specimens are
not elevated by deep flaw effects as much as in low stress specimens. As a
result, cyclic lives in low stress specimens are reduced by deep flaw
effects more than for high stress specimens and, if deep flaw effects are
not accounted for in the analyses of results, it would appear that crack
growth rates are faster in the low stress than in the high stress specimens.
As an example of this effect, Figure 36 shows flaw growth rates for 2219-T87
aluminum alloy surface flawed specimens tested in 3.5 percent NaCl solution
analyzed both with and without the use of deep flaw magnification factors
(M) . An apparent stress level effect is evident in the rates analyzed
without considering deep flaw effects. When deep flaw effects were
accounted for, no stress level effect is observed. This observation was
also made for the 5A1-2.5 Sn (ELI) titanium and 6A1-4V(ELI) STA titanium
crack growth rate results.
Flaw Shape Effects
No effect of surface flaw shape on either crack depth growth rate (da/dN)
or flaw growth rate (d(a/Q)/dN) was observed in any of the aluminum alloy
data. This result is evident in Figures 25, 26, 27, 29 and 31 where crack
growth rates developed using two different initial flaw shapes are plotted
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as a function of peak stress intensity factor. Any differences in crack
growth rate behavior between flaws having different shapes were small and
inconsistent and it is believed that the observed differences were due to
data scatter.
Tapered Double Cantilever Beam Specimen Results
Crack growth rate data obtained from tests of tapered double cantilever
beam specimens in a 3.5% NaCl solution are listed in Table 25 and plotted
as a function of stress intensity factor in Figure 37. Crack growth rates
obtained under 333, 8.3, and 3.3 mHz (20, 0.5 and 0.2 cpin) loading profiles
identical to those used to test surface flawed specimens were in good
agreement. The rates were significantly higher than crack depth growth rates
obtained from tests of surface-flawed specimens shown by the scatter band
which was taken from Figure 27. This discrepancy was due to the differences
in crack propagation direction and fracture toughness between the two speci-
men types. Crack growth rates for the surface flawed specimens were obtained
for the WT direction as compared to the WR direction in TDCB specimens (see
Figure 6 for direction nomenclature). Fracture toughness values were not
measured for the WR direction but the rapid increase in crack growth rates
with increase in stress intensity factor for the TDCB specimen data indi-
3/2
cates that the fracture toughness was probably less than 33 MN/m (30
ksi /in). Fatigue crack growth rates for the RW direction in 2219-T87
aluminum alloy plate (23) are also plotted in Figure 37 for comparison. The
RW crack growth rates lie between the WR and WT rates and exhibit trends
that are similar to those observed for the WR data obtained in this
investigation.
It is evident that the fatigue crack propagation rates and fracture tough-
ness values for the WT and WR directions of 2219-T87 aluminum alloy plate
differ greatly and data obtained from tests of TDCB specimens is not applic-
able to prediction of surface flaw behavior. The effects of combined cyclic/
sustained loadings on crack growth behavior as measured using TDCB and
surface flawed specimens were qualitatively similar.
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5.4.2 Results for 5A1-2.5 Sn(ELI) Titanium
Surface flawed specimen tests were conducted in LN~ to evaluate flaw shape
and peak cyclic stress level effects, and in LH~ to investigate combined
cyclic/sustained load effects on fatigue crack growth behavior. The LN«
data are included in Table 29 and Figures 38 and 39. The LH data are
presented in Table 30 through 32, and Figure 40.
Stress Level Effects
Fatigue crack depth growth rates for the 5A1-2.5 Sn(ELI) titanium alloy were
found to be insensitive to peak cyclic stress level as long as cyclic varia-
tions in stress intensity factor were held constant. This result is illus-
trated in Figure 38 where crack growth rates for two widely"different peak
cyclic stresses are plotted as a function of peak cyclic stress intensity
factor. No consistent effect of peak cyclic stress on crack growth rates
at constant stress intensity factor are evident in the figure.
Flaw Shape Effects
There was some evidence that flaw shape affected crack growth rates in the
5A1-2.5 Sn(ELI) titanium alloy. Only two specimens were tested with results
shown in Figure 39 where both crack depth growth rates (da/dN) and flaw growth
rates (d(a/Q)/dN) are plotted as a function of peak cyclic stress intensity
factor. The da/dN plot shows that crack depth growth rates were slower for
the specimen with the higher initial value of a/2c (the difference could be
due to data scatter). The d(a/Q)/dN plot shows that, at the lower stress
intensity factors, the flaw growth rate curve for the specimen having the
lower initial a/2c value is displaced to the right of that for the specimen
with the higher initial a/2c value; as stress intensity factor increases,
the two curves gradually merge. The behavior of the d(a/Q)/dN curves in
Figure 39 is in agreement with results of a previously conducted analyses
(4) showing, that, for constant strees intensity factor, flaw growth rates
should increase with decreasing a/2c for 0 <a/2c <0.5. As the specimen
with the lower initial a/2c was cycled, the flaw shape ratio increased from
the initial value of 0.24 to a final value of 0.46, i.e., to a value at
which the referenced analyses predicts little or no effect of crack shape
on d(a/Q)/dN. Since an effect of crack shape or d(a/Q)/dN for surface flaws
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was noted in only one of five material/environment combinations in which the
effect was investigated, it is not a general occurrence. Since the magni-
tude of shape effects on crack growth rates are less than normal scatter in
fatigue crack growth rate data, the effect cannot be thoroughly investigated
without testing large numbers of specimens.
Combined Cyclic/Sustained Loading Effects
Tests in LH_ revealed no effect on crack growth rate of superimposing sus-
tained loadings on cyclic loadings. The supporting data are plotted in
Figure 40 where cyclic life data for specimens cycled at 333, 8.3 and 3.3
mHz (20, 0.5 and 0.2 cpm) are plotted. A single data point with coordinates
(K ., N) is plotted for specimens that were cycled to failure where K . is
the peak cyclic stress intensity factor applied to the crack tip during the
initial loading cycle, and N is cycles to failure. Two data points are
plotted for specimens that were cycled, but not to failure; the coordinates
of the two points are (K,., N..) and (Klf, N~) where K , is the peak cyclic
stress intensity factor applied to the crack tip during the final loading
cycle, and (N - N.) is equal to the number of applied loading cycles. It
is evident that all data fall close to a single curve and that the addition
of sustained loadings to cyclic loadings had no effect on crack growth rates
for 5A1-2.5 Sn(ELI) titanium alloy tested in LH2.
5.4.3 Results for 6A1-4V(ELI) STA Titanium
The effects of combined cyclic/sustained loadings on crack growth rates for
6A1-4V(ELI) STA titanium was investigated in the room temperature envinron-
ments of gaseous helium and methanol. Results for gaseous helium are listed
in Tables 36 through 38 and are plotted in Figures 41 through 43. Results
for methanol are listed in Tables 39 through 41 and are plotted in Figures
44 through 46.
Combined Cyclic/Sustained Loading Effects
Tests in gaseous helium, with one exception, showed that cyclic crack growth
rates for the three cyclic frequencies of 333, 8.3, and 3.3 mHz (20, 0.5 and
0.2 cpm) can all be represented by a single scatter band except for specimen
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6T-8A-26 in Figure 42. Crack growth rates obtained during the early stages
of growth in 6T-8A-26 were significantly greater than rates within the
scatter band for all other specimens. The reasons for the discrepancy are
not known since no errors could be determined in test parameters. It is
believed that results obtained from specimen 6T-8A-26 are probably spurious
and that the duration of peak cyclic load has no effect on cyclic crack
propagation rate for peak stress intensity factors below
Tests in methanol showed that crack growth rate is affected by duration of
peak cyclic load. This is evident in Figures 44 through 46 where there is
a trend of increasing crack growth rates with decreasing cyclic frequency
(increasing duration of peak cyclic load) . The acceleration in crack
growth rates appeared to be most pronounced at stress intensity factors
below the apparent threshold stress intensity. This result is probably
primarily due to phenomenological differences in crack propagation behavior
under cyclic and sustained loadings. Whereas cyclic crack growth rates
continually increase with increasing stress intensity factors, sustained
load or stress corrosion cracking rates usually reach a plateau region where
rates remain constant over a wide range of stress intensity factors. Hence,
a direct summation of cyclic and sustained load rates in the plateau region
yields a decreasing percentage difference between total and cyclic crack
growth rates with increasing stress intensity factor as was observed in
the tests under discussion. This type of behavior is most evident whe
results are plotted on either log-log or semi-log graphs of stress intensity
versus crack growth rate.
The existence of increasing crack growth rates with increasing duration of
peak cyclic load at stress intensity factors below the apparent threshold
value (K_H) may have been due to dynamic effects and/or the manner in which
1C, was obtained. Due to the dynamic effects of load cycling on conditions
at the crack tip, it is conceivable that environments could influence crack
growth rates at stress intensity factor levels below the apparent threshold
values obtained from static tests. In addition, there are many material/
environment couples (including titanium/methanol) for which a true thres-
t
hold stress intensity factor has yet to be determined. As test duration is
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increased, crack propagation continues at ever decreasing rates and the
value of apparent threshold stress intensity is dependent on test duration.
The values of IL, in this program were determined from ten hour duration tests
and so the value of true threshold stress intensity factor is probably some-
what less than the value of 1C reported herein for 6A1-4 V(ELI) STA titanium
in methanol.
Stress Level Effects
There was some evidence that crack growth rates at constant stress intensity
factor may have been influenced by peak cyclic stress level. The evidence
is included in Figures 41 and 44 where crack growth rates for difference peak
cyclic stress levels are plotted as a function of peak cyclic stress intens-
ity factor. Doubling the peak cyclic stress level resulted in slower crack
growth rates in both gaseous helium and methanol. However, this result
could have been due to data scatter rather than peak stress level effects.
Since no stress level effects were noted in any other material/environment
combination tested, it is difficult to conclude that such effects exist on
the basis of the 6A1-4V(ELI) STA titanium data.
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6.0 OBSERVATIONS AND CONCLUSIONS
Tests undertaken to evaluate the effects of sustained, cyclic, and combined
cyclic/sustained loadings on the subcritical crack growth characteristics
of sharp cracks under plane strain conditions led to the following
observations:
2219-T8T Aluminum' Alloy
1. Crack growth in 2219-T87 aluminum alloy surface flawed specimens
(WT direction) subjected to sustained loadings seemed to occur in three
stages including: crack growth during rising load; crack growth rate
acceleration; and unstable crack propagation. The number of stages of
crack growth that occurred in any given specimen was dependent on the
stress intensity factor (K) applied to the crack tip. For low K values,
it appeared that no growth would occur (a conclusion substantiated by
results in Reference 3); for intermediate K values, growth during rising
load (and possibly a small amount of transient crack growth followed
by crack growth arrest) is observed; for high K values above a thres-
hold stress intensity factor (IL, ), all three stages of crack growth
are observed resulting in specimen failure. It was found that all three
stages of crack growth occurred when specimens tested at 78°K (-320°F)
and 20°K (-423°F) were subjected to crack tip stress intensity factors
equal or greater than 85 and 70 percent of the corresponding critical
stress intensity factors, respectively. Comparison of the results
obtained in this program with previously reported results obtained
using lower stress levels did not reveal any consistent effects of
stress level on threshold stress intensity factors. The above ratios
were higher at 78°K (-320°F) and lower at 20°K (-423°F), respectively,
than previously reported (3) ratios.
2. For a cyclic frequency of 333 mHz (20 cpm), fatigue crack growth rates
at 295°K (72°F) were the same in air, helium gas, and 3.5% NaCl
solution. For cyclic frequencies of 8.3 and 3.3 mHz (0.5 and 0.2 cpm),
crack growth rates in 3.5% Na.Cl solution were slower than those obtained
at a cyclic frequency of 333 mHz (20 cpm) at stress intensity factors
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both above and below the threshold stress intensity factor. This result
was due to the ability of the salt water to induce a very irregular
crack front at the lower test frequencies.
3. In liquid nitrogen and liquid hydrogen, fatigue crack growth rates for
stress intensity factors both above and below the threshold values
were independent of cyclic frequency for a frequency range of 333 to
3.3 mHz (20 cpm to 0.2 cpm).
4. Surface flawed specimens subjected to fatigue loadings in air, helium,
and 3.5% NaCl solution failed at calculated crack tip stress intensity
factors well above the critical value as determined from static fracture
tests . Cyclically tested specimens had much rougher crack surfaces
than did the static fracture specimens. The roughness was indicative
• of irregular crack peripheries which impart greater resistance to
static fracture than do smooth regular peripheries (4).
5. Fatigue crack growth rates obtained from tests of tapered double
cantilever beam (TDCB) specimens in a 3.5% NaCl solution were
independent of cyclic frequency for frequencies between 333 and 3.3 mHz
(20 and 0.2 cpm). For the range of stress intensity factors tested,
fatigue crack growth rates obtained from the TDCB specimens (WR
direction) were about an order of magnitude greater than crack depth
growth rates obtained from surface flawed specimens (WT direction).
The result was due to the different crack propagation directions and
fracture toughness values for the two propagation directions. All
stress intensity factors applied to the TDCB specimens were a high
percentage of the critical stress intensity factor.
Titanium Alloys 5A1-2.5 Sn(ELI) and 6A1-4V(ELI) STA
1. Crack growth in titanium alloy specimens occurred both during rising
and invariant loadings. Crack growth behavior in ambient helium, LN
and LH appeared to parallel that observed for the 2219-T87 aluminum
alloy tested in the same environments, i.e., three stages of crack
growth were observed. It is believed that the crack growth observed
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in helium, nitrogen, and hydrogen was not environmentally assisted.
The 6A1-4V titanium alloy is known to be very susceptible to stress
corrosion cracking (SCC) in methanol and pronounced SCC was observed
during this program for the RT direction of 6A1-4V(ELI) STA titanium
surface flawed specimens tested in methanol.
2. Indications of a stress level effect on the value of threshold stress
intensity factor were observed in 5A1-2.5 Sn(ELI) titanium tested in
LN and 6A1-4V(ELI) STA titanium tested in methanol at 295°K (72°F).
TQreshold stress intensity factors appeared to decrease with increasing
stress. This effect was not investigated in sufficient detail to
establish any firm trends.
3. There was no effect of cyclic frequency (333 to 3.3 mHz or 20 to 0.2
cpm) on fatigue crack growth rates at stress intensity factors (K)
both above and below the threshold value (K,,) in 5A1-2.5 Sn(ELI)
titanium in LN and LH and 6A1-4V(ELI) STA titanium in ambient
helium gas. For these material/environment combinations, the ratio
of threshold to critical stress intensity factors was very high and
there was only a limited range of K values over which to evaluate the
effect of cyclic frequency on fatigue crack growth rates at K values
above KTR.
4. There was a marked effect of cyclic frequency (333 to 3.3 mHz or 20
to 0.2 cpm) on fatigue crack growth rates at stress intensity levels
both above and below the threshold values in 6A1-4V(ELI) STA titanium
tested in methanol. For constant stress intensity factor, fatigue
crack growth rates increased with decreasing cyclic frequency. In
these limited tests, the greatest acceleration in crack growth rates
occurred at stress intensity factors below the threshold value.
General
1. No effect of stress level on either crack depth growth rate (da/dN)
or flaw growth rate d(a/Q)/dN was observed for limited ranges of stress
intensity factor. This result is in disagreement with previously
reported (2-4) apparent stress level effects on flaw growth rates. The
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disagreement is believed to be mainly due to differences in stress
intensity factor calculation methods used in this program and previous
programs (2-4) . Deep flaw magnification factors that were not avail-
able during previous programs were used to calculate stress intensity
factors in this program.
2. No effects of flaw depth-to-length (a/2c) ratio on crack depth growth
rate (da/dN) was noted. Only one of five material/environment combi-
nations in which the effect was investigated yielded flaw growth
rates (d(a/Q)/dN) that were affected by the (a/2c) ratio; for 5A1-2.5
Sn(ELI) titanium in LN«, flaw growth rates were observed to increase
with decreasing a/2c ratio for a/2c values less than 0.25. This
behavior is in agreement with results of a previously reported (4)
analysis of surface flaw fatigue growth behavior.
Conclusions
1. There is a threshold stress intensity factor for metallic alloy/inert
environment combinations above which crack growth can occur under
invariant loadings resulting in unstable crack propagation and failure.
The resultant crack growth is believed to be due to mechanical processes
occurring in the plastically deformed material at the crack tip and
does not involve chemical or electrochemical processes. The value of
threshold stress intensity factor appears to be dependent on stress
level at least for stresses appraoching the uniaxial yield stress.
2. It is very likely that, for inert environments in which sustained load
crack growth is due to mechanical processes, fatigue crack growth
rates at stress intensity factors below the threshold stress intensity
factor will be independent of cyclic frequency.
3. For environments which promote stress corrosion or hydrogen cracking,
fatigue crack growth rate may be dependent on cyclic frequency at
stress intensity factors below the threshold value.
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4. Fracture control methods (1) developed on the basis of previous
programs adequately handle the situation of metallic pressure vessels
subjected to combined cyclic and sustained loadings for material/
environment combinations that are immune to stress corrosion or hydrogen
cracking. For combinations prone to environmentally induced cracking,
Reference 1 states: "If it is necessary to use materials having low-
threshold, stress intensity values (less than 70 to 80 percent K., ) in
the expected operating environment, it appears that the effect of
environment and cyclic frequency on cyclic growth rates of flaws should
be determined and the appropriate rates used to estimate the life of
the pressure vessel. As previously mentioned, the minmum allowable
cyclic life is limited to the number of cycles required to increase the
value of the initial stress intensity K to the K^ value."
The foregoing statement is still a necessary requirement.
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APPENDIX A
CALCULATION OF CRACK GROWTH RATES
FROM SURFACE FLAW OPENING MEASUREMENTS
The method used for calculating crack growth rates using continuous measure-
ments of opening mode crack displacements for surface flaws is illustrated
Uh~thrs~ apperidix. The calculations made foF a specific specimen, namefy
2219-T87 aluminum alloy specimen A3A-23 listed in Table 16, are described.
The test record of flaw opening displacement versus cycles for specimen
A3A-23 is included in Figure A-l. The displacement measured was the opening
mode displacement at the intersection of the semi-minor and semi-major axes
of the crack. Specimen A3A-23 was unloaded after the application of 397
zero-to-tension loading cycles at which time failure was imminent. The
record in Figure A-l shows that permanent set in flaw opening displacement
occurred during the initial loading cycle and increased throughout the test.
For each loading cycle, the permanent set was subtracted from the peak dis-
placement to arrive at the displacement (<$.) on which crack growth rate
ft.
calculations were based. A plot of & versus cycles for specimen A3A-23
A.
is included in Rgure A-2.
Flaw dimensions both at the beginning and end of the cycle test were measured
from the fracture face and were found to be:
Value at
Dimensioji Initiation Termination
a cm(in) 0.231 (0.091) 0.564 (0.222)
2c cm(in) 2.070 (0.815) 2.337 (0.920
Equation A from the body of this report was used to relate flaw opening
displacement (6 ) to crack dimensions, i.e.,
A
(Al)
and values of C were calculated using the known values of 6 , a, and Q at
A
the beginning and end of the test as follows:




 345 MN/in2 2.31 X lO^m N




 345MN/m 2 5 . 6 4 X l(T3m N lb
where subscripts i and f refer to initial and final conditions, respectively.
Values of Q were obtained from Figure 1.
Average crack growth rates were calculated for arbitrary increments of crack
depth. After initial and final values of crack depth for a given increment
were selected, corresponding values of flaw width (2c) and coefficients (C)
were calculated using the equations
a - a. 2c - 2c.
n i _ n i
af - a. 2cf - 2c.
a - a.. C - C.
n i _ n i
af - ai = Cf - Ci
(A3)
where subscripts i and f refer to initial and final values at the beginning
and end of the test, and both 2c and C are the values of 2c and C
n n
corresponding to a where a. < a < a... Next, values of Q were determined
n i n r n
from Figure 1 and values of (6 ) determined using Equation Al. The number
A. n
of loading cycles (N) corresponding to each 6 value were read from the
A
6 versus N plot in Figure A2 . Average crack depth growth rates (da/dN)
A
and flaw growth rates (d(a/Q)/dN) were then calculated for the selected
crack depth growth increment using the equations
, a -ada _ n+1 n






where the subscripts n and n+1 refer to values at the beginning and end of
the crack growth increment. Results of the calculations for specimen
A3A-23 are included in Table Al and are plotted in Figure 27.
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APPENDIX B
COMPLIANCE MEASUREMENTS FOR TAPERED
DOUBLE CANTILEVER BEAM SPECIMENS
Tests undertaken to measure specimen compliance as a function of crack length
for 2219-T87 aluminum alloy TDCB specimens are described in this appendix.
.Values of ..specimen, compliance. _(.the_.ratio__ofLr.ela.tiye. displacement _of loading^ -
points along the load line to applied load) were used in stress intensity
factor calculations for TDCB specimens described in the main body of this
report. Tests were conducted for three TDCB specimens having the configura-
tion shown in Figure 13. The taper angle of the specimen arms was chosen to
yield compliance values that varied linearly with crack length.
PROCEDURES
Compliance values were determined using the slopes of load-displacement
plots obtained when specimens were loaded in tensile test machines. Dis-
placements were measured using clip gages spring loaded against integrally
machined knife edges located as shown in Figure 13. Since the knife edges
were not located on the load line, deflections at the load line were calcu-
lated by multiplying the measured deflections by the ratio of distance from
crack tip to the knife edge location, i.e., a/(a+1.27) where a is crack
length in centimeters. Other tests (Al) of uniform height double cantilever
beam specimens have shown that the above ratioing method is applicable. Both
load cell and clip gage were connected to an X-Y recorder to obtain load-
displacement graphs. The slopes of the graphs (deflection divided by load)
were measured and multiplied by a/(a+1.27) to calculate compliance.
RESULTS
Compliance measurements for three different specimens (TA-1, TA-2 and TA-3)
are plotted against crack length in Figure Bl. All data fall very close to
a straight line which was the desired result. The slope of the line in
Figure Bl was used as the average value of the rate of change of compliance
with respect to crack length with which to calculate stress intensity factors
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Figure 4: MK Curves for 2219- T87 Aluminum Alloy
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Figure 5: Tapered Double Cantilever Beam Specimen
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Figure 22: Flaw Depth Growth During 10 Hour Sustained Load and Load/Unload Tests of
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Figure 25: Surface Flaw Fatigue Growth Rates of 22W-T87 Aluminum Plate (WTDirection) in



















































Figure 26: Surface Flaw Fatigue Growth Rates of 2219-T87Aluminum Plate (WTDirection) in
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Figure 27: Surface Flaw Fatigue Growth Rates of 2219-T87 Aluminum Plate (WT Direction) in
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Figure 28: Surface Flaw Fatigue Growth Rates Under Combined Cyclic/Sustained Loading for 2219-T87 Aluminum Plate
















































Figure 29: Surface Flaw Fatigue Growth Rates of 2219-T87 Aluminum Plate (WT Direction) in












44.0 MN/m3/2 ^ -' ^  ^0" "
/V ™ <«°-° KSI VTTT) ^^^^ '"0
-^' . A^^^ -» " " °MAX = *1* MN/m2
^^-O AfJ *."" (60.0 KSI)
H
 ^»'
^^ --•' 0.26 <. (a/2c)j <. 0.28
— ^"" ^.-''' 8.3 mHz (0.6 CPM) 3.3 mHz (0.2 CPM)
^-^^' ^y SPECIMEN SYMBOL SPECIMEN SYMBOL
^333 mHz (20 CPM) A3A-73 O A3A-15 ft
UN2UM1M
 A3A-29 A A3A-16 A
; A3A-17 B















10 100 1000 10,000
Figure 30: Surface Flaw Fatigue Growth Rates Under Combined Cyclic/Sustained Loading for2219-T87
Aluminum Plate (WT Direction) in Liquid Nitrogen at 78°K (-320PF) and Frequencies of































































Figure 31: Surface Flaw Fatigue Growth Ratesof 2219-i 87 Aluminum Plate (WT Direction) in
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figure 32: Surface Flaw Fatigue Growth Rates Under Combined Cyclic/Sustained Loading for 2219-187
Aluminum Plate (W T Direction) in Liquid Hydrogen at20PK (-423°F) and Frequencies of
8.3 mHz (0.5 CPM) and 3.3 mHz (OJ CPM)
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Figure 36: Effect of Stress Intensity Factor Calculations on Surface Flaw Growth Rate Correlations for2219-T87
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Figure 39: Effect of Flaw Shape on the Fatigue Crack Growth Rates of 5AI-2.5 Sn (ELI)


























































Figure 41: Surface Flaw Fatigue Growth Rates of 6AI-4V (ELI) STA Titanium Plate (RT Direction)







































Figure 42: Surface Flaw Fatigue Growth Rates Under Combined Cyclic/Sustained Loading for 6AI-4V (ELI) STA
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Figure 43: Surface Flaw Fatigue Growth Rates Under Combined Cyclic/Sustained Loading for 6A/-4V (ELI) STA

















































Figure 44: Surface Flaw Fatigue Growth flates of 6AI-4V (ELI) STA Titanium Plate (RT Direction)
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e 45: Surface Flaw Fatigue Growth Hates Under Combined Cyclic/Sustained Loading for 6AI-4V(ELI) STA
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Figure 46: Surface Flaw Fatigue Growth Rates Under Combined Cyclic/Sustained Loading for 6AI-4V(ELI) STA
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Table 2: Threshold Stress Intensity Ratio Comparison for Surface Flawed

























































Table 3: Threshold Stress Intensity Ratio Comparison for Surface Flawed



































































































































































MEASURED IN 5.08 cm (2.0 INCH) GAGE LENGTH
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MEASURED IN 5.08 cm (2.0 INCH) GAGE LENGTH
TOUGH TITANIUM PLATE
Table 6: Mechanical Properties of 6AI-4V (ELI) STA Titanium (Longitudinal Grain)
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Table 25: Cyclic and Combined Cyclic/Sustained Load Flaw Growth Tests of2219-T87 Aluminum
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